The Fischer-Tropsch Synthesis (FTS) is an important technology for gas-to-liquids conversion process, which allows the conversion of syngas, (CO and H 2 ) produced from natural gas, coal, waste or biomass, in a mixture of hydrocarbons such as light olefins, alcohols and other products. The thermodynamic modelling of such system can be made by chemical and phase equilibrium employing the minimization of the Gibbs free energy. Thermodynamic equilibrium calculation can be computed as an optimization problem, given certain constraints. The present work investigated the phase and chemical equilibrium of Fischer-Tropsch process through the minimization of the Gibbs energy of the system, with the objective to determine the most thermodynamic favorable phases and compositions of the formed FTS products. The software GAMS is used to solve the proposed problem. The restrictions of non-negativity of the number of moles and the non-stoichiometric balance are used; thirty three possible chemical species (linear paraffins, linear alpha alkenes and alcohols besides carbon monoxide, carbon dioxide, water and hydrogen) were considered. The effects of temperature (300-900 K), pressure (1-30 bar) and H 2 :CO ratio (2:1 and 3:1) are evaluated.
Introduction
Gas-to-liquid technologies (GTL) involve the chemical conversion of natural gas into synthetic crude oil that can be refined and separated into different fractions of useful hydrocarbons, including liquid transportation fuels. Coal and biomass can also be converted into fuels or high valueadded chemicals, which are called coal-to-liquid (CTL) and biomass-to-liquid (BTL), respectively. Syngas conversion technologies are often described as XTL [1] .
The Fischer-Tropsch process (FT), one of the aforementioned technologies, is an industrial process that converts syngas, composed mainly of H 2 and CO, to hydrocarbons in the range of C 1 -C 100 . It is a particularly complex system, wherein a number of different reactions are combined to a single mechanism: irreversible Fischer-Tropsch reactions. Some equilibrium reactions are also present, among them the equilibrium between carbon monoxide, carbon dioxide, methane and carbon, such as the reaction of water gas shift (WGS) and Boudouard equilibrium [2, 3] .
The products obtained from the FT process have shown several advantages compared to those obtained by other processes. With respect to fuel, these advantages include (i) lower the final liquid product transport costs, (ii) high cetane content (70 -80) enabling improved performance for the engine design, (iii) environmentally sustainable fuel with almost zero sulfur components concentration and (iv) high capacity to employ unused gas located in remote areas of the demand region without the need for additional special facilities [4] .
The synthesis of hydrocarbons from the hydrogenation of carbon monoxide over a metal-based catalyst was discovered early last century, in 1923; Fischer and Tropsch reported a process using iron alkalized catalyst aiming to produce rich hydrocarbon oxygenate liquids. Succeeding the initial findings, considerable effort has led to the development of different catalysts to this process. The following development was in reactor design and process operating conditions in order to improve the selectivity over a specific range of hydrocarbons [5] [6] [7] [8] .
The first plants went into operation in Germany in 1938; later in 1955, the South African company Sasol, has developed other technologies related to FTS, producing liquid fuels from coal. Additionally, Shell developed its own GTL technology (Shell Middle Distillate Synthesis). More recently, Shell and Qatar Petroleum companies presented a project for the production of 140,000 bpd of liquid products [9] . Other companies such as ExxonMobil, Syntroleum, and ConocoPhillips also has investments in FT technologies at different scales.
The FTS is a polymerization reaction that takes place in steps, and products, generally, follow a distribution. The equation relating this mechanism was developed by Friedel and Anderson [10] and earlier by Flory [11] . The probability of chain growth (α) is independent of the size of the chain. Thus, hydrocarbon selectivity may be predicted based simply on the statistical distribution calculated by α-value and the number of carbon following the Anderson-Schulz-Flory model (ASF) represented by Equation 1:
where W n is the mass fraction of product, n is the carbon number and α is the probability of chain growth, which shows distributions predicted and trends for various products of interest. The value of α is obtained from the slope of the plot log (W n /n) against the carbon number n [12, 13] .
The focus on the kinetic approach to study FTS has been widely studied starting with the work of Friedel and Anderson [10] . There are numerous suggested kinetic models of several authors [14] [15] [16] .
However, the there are only minor comments in the literature about the thermodynamics of the synthesis. Stenger and Askonas [17] has studied the product distribution using the method of minimizing the free energy in the system, with a full CO and H 2 conversion. Bell [18] studied the thermodynamics of the FT process, including the state metal catalyst. The balance of the reduced metal, carbides and oxides are related to the syngas composition. Thermodynamics dictates that the iron and cobalt are able to convert CO and H 2 to hydrocarbons as nickel can convert CO and H 2 only to methane. More recently Torrente-Murciano et al. [19] studied the thermodynamic equilibria of hydrocarbon synthesis via CO 2 reduction and FT synthesis in a range of different temperatures and pressures.
The composition and productivity of products obtained from the FTS are controlled by different mechanisms and kinetic factors. Manipulating the operating conditions (temperature, pressure and syngas composition) is possible to control the composition and characteristics of the products. This paper presents the thermodynamic analysis and characterization of FT synthesis for hydrocarbon production. Gibbs energy minimization method were applied; thirty three chemical species (paraffins, olefins and alcools) were employed in the calculations. The effect of temperature (in the range of 300-900 K), pressure (in the range of 5-30 bar) and H 2 :CO ratio (2:1 and 3:1) were evaluated.
Methodology

Reaction Synthesis modelling
The phase and chemical equilibrium is the most important basis for understanding the phenomena related to chemical processes, since the thermodynamic equilibrium is achieved, the composition balance of the liquid and gas phase can be obtained. In a multicomponent system, two or more phases coexist in equilibrium. The balance is assumed when temperature (T ), pressure (P ) and chemical potential of a i system-components and k phases are equalized [20] .
The functional minimization approach to the problem allows to determine not only the concentration of components in a multicomponent system but also the phases in equilibrium. This methodology was developed in several studies [21] [22] [23] . The advantage of this method lies in the fact of obtaining a solution in a single step without the need for considerations in the number of phases. Consequently, the solution is stable through the minimum of Gibbs energy (Equation 2).
where N S represents the number of chemical species (i), N P the number of phases (k), G the Gibbs energy, n k i and µ k i stand for the number of moles and the chemical potential of the specie i in the phase k, respectively.
The chemical potential µ k i can be expressed in terms of fugacity by introducing the concept of Lewis fugacity for the gas phase, and assuming that the molar volume of i for the liquid is practically constant, so
where µ 0 i (T ) stands for the standard chemical potential of i and can be calculated in terms of tabulated data (Gibbs energy of formation, enthalpy of formation and heat capacity),f k i is the fugacity, R is the gas constant and T temperature. The fugacity for the gas and liquid phase can be represented by Equation 4 and Equation 5, respectively [24] :
where y i and x i represent the gas and liquid molar fraction respectively, each phase is considered as an ideal phase (φ i = 1, γ l i = 1) and f 0,l i ≈ P sat . Therefore, the Equation 2 can be rewritten as
This equation represents the Gibbs energy for the chemical and phase equilibrium in the case of a mixture that allows the possible formation of a vapor and liquid phases. Therefore, the balance of the calculation problem can be solved by employing optimization techniques to minimize Equation 6 .
For the direct minimization of Equation 6 some restrictions must be fulfilled [25] . The first constraint is the non-negativity of the number of moles of each component in each phase (Equation 7) .
Regard to the mass balance constraint, two distinct methodologies can be adopted, the stoichiometric and nonstoichiometric formulation. The former considers the possible reactions that occur during the optimization process, while the latter employs the atom balance. Smith and Missen [25] have shown that the stoichiometric formulation is equivalent to the non-stoichiometric when the number of independent reactions is equal to the difference between the number of compounds and number of atoms. Thereby, in this study the non-stoichiometric formulation (Equation 8) was used.
where n 0 i is the initial number of moles of the specie i and a mi is the number of atoms of the element m in specie i.
This methodology, together with optimization techniques has been used by various researchers for the phase equilibrium calculation. White et al. [26] was one of the pioneers in this field; the author used the minimization of the Gibbs energy involving a series of ideal systems. Gao et al. [27] systematically conducted a thermodynamic analysis of CO and/or CO 2 methanation using this technique. The same technique was used in the study of glycerol reforming for syngas production [28] .
Model Implementation
The non linear problem was implemented in the software GAMS (General Algebraic modelling System) using the solver CONOPT3 in order to determine the combined chemical and phase equilibrium. A detailed explanation of the software can be found elsewhere [29] .
In the study, thirty three possible chemical species (linear paraffins, linear alpha alkenes and alcohols besides carbon monoxide, carbon dioxide, water and hydrogen) were considered [30] [31] [32] . The thermodynamic data have been selected from Poling et al. [33] .
The results were compared with experimental data [34] and similar theoretical models [19, 35, 36] under same conditions as presented in the literature.
Sensitivity analysis is a tool to determine how a process changes with different key operational variables. In the case studies the effects of temperature (in the range of 300-900 K), pressure (in the range of 5-30 bar) and H 2 /CO ratio (2/1 and 3/1) were evaluated.
Conversion regarding CO and H 2 and the H 2 yield to hydrocarbons (as opposite to water formation) were calculated using Equation 9 and Equation 10, respectively.
H 2 yield to HC (%) = 100 −
× 100 (10)
3 Results and Discussion The equilibrium calculations performed are close to the predicted in the literature, however one can see that under typical conditions FT reactions have not reached the thermodynamic equilibrium, the observed C 2 and C 3 are produced in vast quantities relative to thermodynamic expectation.
It is important to note that the experimental setup involves catalytic species, therefore the system does not operate in equilibrium.
According to Norval [37] , the FT system is not at global equilibrium, a partial equilibrium implies that some species have achieved the equilibrium, while other have not. FT can be considered a system with three partial equilibrium: homologous series, the water shift reaction (WGS), and the redox behavior of the catalyst with the H 2 :CO ratio. The FT log-linear distribution indicate that the homologous series are at equilibrium, demonstrating that further studies on thermodynamic is needed. Table 2 shows the ratio of products formed on FT synthesis. The values observed at typical operation conditions were compared with the ratios predicted by thermodynamic under similar conditions.
The results obtained are in agreement to the thermodynamic predicted in the literature, it is important to note that alkenes should be almost completely hydrogenated to alkanes under the thermodynamic point of view, indicating primary FT products. 2 At relevant partial pressure at the reactor exit.
Sensitivity Analysis
The influence of the parameters (temperature, pressure and H 2 :CO ratio) were evaluated. The effect of the catalyst must be assessed by restriction of components formed in the synthesis, when the reactions are based on the thermodynamics [38] . In the specific case methane has shown limited formation. Figure 1 presents the effect of temperature and pressure on the CO thermodynamic equilibrium conversion, considering both inlet compositions. The increse in temperature leads to the reduction of CO conversion in all range of pressure evaluated. Regarding the effect of the pressure, keeping a constant temperature (e.g. 750 K), the modification in pressure from 1 bar to 30 bar increases the CO conversion in 37% and 34% for a H 2 :CO ratio of 2:1 and 3:1, respectively. This behavior is less pronouned in lower temperatures (e.g. 550 K) which accounts for less than 1% either for a H 2 :CO ratio of 2:1 or 3:1. Below 500 K no significant effect of pressure has been observed.
Similar results have been reported by TorrenteMurciano et al. [19] , below 500 K the CO conversion follows the FT reaction pathway with near no water-gas shift (WGS) activity, due to the equilibrium shift to CO formation. Figure 2 presents the effect of temperature and pressure on the H 2 conversion. In Figure 2a the H 2 conversion, for a 2:1 ratio, a similar behavior is verified compared with CO conversion (Figure 1a) , the increase in temperature reduces the conversion. About the pressure effect on conversion, the raise in that parameter increment the conversion; additionally, below 350 K no significant change has been observed.
Regarding the H 2 :CO ratio of 3:1 (Figure 2b) , a maximum conversion of 83% is achieved under lower temperatures. This is explained due to the higher H 2 content in the inlet composition. Figure 3 presents the effect of temperature and pressure on the H 2 yield to hydrocarbon, considering both inlet compositions. The reaction temperature has shown a positive effect in the yield to hydrocarbons (Figure 3) , in contrast to CO and H 2 conversion.
The pressure has no significant effect in temperatures below 600 K (< 1%), however at higher temperatures there is a descending effect. For instance at 750 K, the variation in pressure from 1 bar to 30 bar, reduces the hydrocarbon yield in 15.0 % and 16.4 % for a H 2 :CO ratio of 2:1 and 3:1, respectively.
Another important aspect of the system regarding the temperature is that the increase in such variable increments the production of not only linear alpha alkenes but also alcohols. The production is less pronounced under higher pressures. Figure 4 presents the effect of temperature and pressure on the chain growth probability factor α, considering both inlet compositions. α T e m p e r a t u r e ( K ) Figure 4 : Effect of temperature and pressure on the chain growth probability factor α.
The calculated α, which characterizes the probability of chain growth, was obtained from the slope of the plot log(W n /n) vs n. A mixture of products (linear alkanes, alkenes and alcohols) can be produced in the FT synthesis [39, 40] and for each group of the products a SchulzFlory alpha value is assigned. In the Figure 4 the α-values for linear alkanes in a C 1 -free system is presented.
The α obtained vary from 0.0038 to 0.215 and from 0.0033 to 0.015, for a H 2 :CO ratio of 2:1 and 3:1, respectively. However, Satterfield et al. [41] reported values from 0.55 to 0.94 gathered from a wide range of experimental conditions.
Above 650 K, the growth probabilities achieved similar values either for a H 2 :CO ratio of 2:1 or 3:1, consistent with Norval [37] studies. When studied iron-based catalysts, Norval [37] reports that changes in syngas composition modify the reactivity of the catalyst, but not the ASF distribution, and the WGS reaction reaches equilibrium rapidly. When cobalt was studied, equilibrium with the gas phase is the key to the studies with such metal.
As the temperature increase, lighter products are favored to be formed, in line with the literature [17, 42] . Table 3 shows the temperature from which one phase (vapor) has formed. The free energy minimization method solves the chemical and phase equilibrium, as shown in Table 3 , two phases (vapor and liquid) tend to be formed under lower temperatures and higher pressures.
Conclusion
The Fischer Tropsch synthesis is a process where hydrocarbons are the main products formed from syngas composed by CO and H 2 in the presence of catalysts. The composition of the mixture is regulated by operational conditions. The Gibbs free energy minimization method has been employed to solve the chemical and phase equilibrium, and the effect of operational conditions were evaluated for hydrocarbon production.
The effect of temperature is negative in CO and H 2 conversion, however is positive in the yield to hydrocarbons. Additionally, the increase in temperature tends to form alkenes and alcohols. The pressure has shown a positive effect in conversion, however below 350 K no significant change has been observed.
Fischer Tropsch reaction is not at global chemical equilibrium, only some subsystems are at equilibrium. Consequently, one limitation of such approach is under experimental conditions, where the equilibrium is not always achieved. However, the thermodynamic distributions predict a α-value of the chain growth probability, independent of mechanism and catalyst representing a generic distributions. It is important to identify tendencies under different operational conditions. Once this approach calculates the equilibrium of the system,
